Although the betaretrovirus mouse mammary tumor virus (MMTV) was identified as a transmissible agent that causes breast cancer in mice more than 70 years ago, an understanding of how the virus infects cells has lagged behind that for other retroviruses (32). This was primarily due to a lack of cell lines that produced high-titer infectious virus and of a measurable assay to determine infection. Several years ago, murine leukemia virus (MLV) pseudotypes bearing the MMTV Env protein were developed, and these have greatly facilitated the study of MMTV interaction with cells (12, 18). For example, we recently used MMTV pseudotypes to identify mouse transferrin receptor 1 (TfR1) as the cell entry receptor for this virus (40).
Although the betaretrovirus mouse mammary tumor virus (MMTV) was identified as a transmissible agent that causes breast cancer in mice more than 70 years ago, an understanding of how the virus infects cells has lagged behind that for other retroviruses (32) . This was primarily due to a lack of cell lines that produced high-titer infectious virus and of a measurable assay to determine infection. Several years ago, murine leukemia virus (MLV) pseudotypes bearing the MMTV Env protein were developed, and these have greatly facilitated the study of MMTV interaction with cells (12, 18) . For example, we recently used MMTV pseudotypes to identify mouse transferrin receptor 1 (TfR1) as the cell entry receptor for this virus (40) .
The use of TfR1 for virus entry is the first reported case of an enveloped virus attachment protein having a primary function that is directly related to endocytosis. In normal cell physiology, binding of transferrin to the TfR1 results in endocytosis of the complex via clathrin-coated pits that traffic to the acidic endosomal compartment, where iron is released; this is the predominant pathway used by this receptor after endocytosis (28, 36) . It was previously shown that treatment of MMTVinfected mammary gland cells with acid induced cell-cell fusion (39) , and we have found that MMTV pseudovirus infection is dependent on acidified endosomes for infection (40) . Although neutralization of the endosomal compartment does not affect infection by most retroviruses, it does inhibit infection by avian leukosis virus (31) as well as other viruses such as influenza virus, Semliki Forest virus, and vesicular stomatitis virus (20) . At least for influenza virus, it is this pH change and not receptor binding that induces the conformational change leading to fusion of the virus and plasma membranes (43) . Given that MMTV uses a receptor that traffics to the acidic endosome upon ligand binding and that acid pH triggers MMTV-mediated cell-cell fusion, it may be acid pH that triggers the conformational change in the MMTV Env protein as well, thereby allowing virus-cell membrane fusion.
Although the TfR1s of different species are highly homologous, MMTV shows clear species tropism. MMTV pseudotypes infect only rodent, not hamster or human, tissue culture cells (12, 40) . This tropism resides at the level of TfR1, since human and hamster cells expressing the mouse TrfR cDNA are highly susceptible to MMTV pseudotype infection (40) . However, there have been reports that continued passage of MMTV on human breast cancer cell lines resulted in adapted viruses that could infect human cells (22, 26, 45) . In addition, several groups have recently identified MMTV-like Env sequences in human breast cancer specimens (14, 46) . The Env sequences of different MMTV strains are highly homologous to each other and to the MMTV-like env genes cloned from human breast cancer samples (see Fig. 3 ). Thus, any sequence differences between these various Envs, especially in the surface (SU) protein, represent candidate regions involved in receptor binding.
We thus used two approaches to determine what regions of the MMTV SU protein were involved in receptor contact and found that both pointed to a common candidate region. In the first, we aligned the primary amino acid sequence of MMTV SU with that of Friend murine leukemia virus (F-MLV), for which the crystal structure of the receptor binding domain (RBD) has been solved (15) . We found strong homology between the two proteins in the sequences that make up the secondary structural elements of F-MLV, such as the beta strands and alpha helices. This alignment allowed us to identify domains important for receptor interaction, including a putative heparin-binding domain (HBD).
In the second approach, we compared the SU sequences of the MMTV-like elements cloned from several human breast cancers with those of different MMTV strains and with an MMTV passaged on the MCF-7 human breast carcinoma line. One of the MMTV-like elements had a Phe 40 to Ser change in a five-amino-acid segment (Phe 40 -His 41 -Gly 42 -Phe 43 -Arg 44 ) that could serve as a region for receptor contact for the viral receptor. Placement of this nonconservative change, as well as Phe 40 to Ala 40 , in the SU of MMTV abolished both virus binding to and infection of cells expressing the murine TfR1 (mTfR1). In contrast, a nonconservative Gly 42 -to-Glu 42 change present in the MCF-7-adapted virus did not affect infection when placed in the MMTV SU backbone. Importantly, neither change extended the tropism of MMTV pseudoviruses to human cells. Two different neutralizing monoclonal antibodies recognized a glutathione S-transferase (GST) fusion protein containing these five amino acids, indicating that this region is the receptor-binding site (RBS).
The critical influence of Phe 40 on binding and infection as well as the presence of an HBD indicate that the region identified here constitutes the RBD of MMTV. Moreover, the inability to change the species tropism from mouse to human suggests that it is unlikely that MMTV can easily adapt to using human TfR1 for virus entry.
MATERIALS AND METHODS
Alignment and modeling. Segments within the putative MMTV RBD that were likely to have ␤-strand or ␣-helical structure were hand aligned with the known ␤-and ␣-helices of the F-MLV RBD sequence (9, 10) . The preliminary alignment was further adjusted by using a previous alignment of the F-MLV and BLV RBD (24) and then subjected to Swiss-Model for modeling of the MMTV structure. The WhatCheck and Tracelog reports from the SwissModel submission identified residues likely to be misaligned based on modeling algorithms that test a number of criteria. These include algorithms that identify residues showing unallowable side chain angles imposed by replacement of the template F-MLV RBD residues with the aligned MMTV sequence, as well as algorithms that predict the probability that residues aligned with secondary-structure elements of the template. For example, the modeling algorithms identify residues that were aligned with ␤-strands but are rarely or not found in ␤-strands of known structures. Residues that were likely to be misaligned were moved one position amino-or carboxy-terminal in the F-MLV alignment and resubmitted for modeling, and additional adjustment of the alignment was made based on the results of the second set of models. Further adjustment of the positions of residues several positions in either direction gave similar model coordinates.
Cell lines and antibodies. 293T and 293 human kidney epithelial cells were grown in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS). NMuMG (normal mouse mammary gland) epithelial cells were grown in DMEM containing 10% FBS and 10 g of insulin per ml. TRH3 cells were generated by cotransfecting 293 cells with plasmids containing the mouse TfR coding region under the control of the cytomegalovirus promoter (40) and pSV2neo, containing the neomycin resistance gene under the control of the simian virus 40 promoter, followed by selection in G418 (100 g/ml) and fluorescence-activated cell sorting (FACS) for TfR expression in a FACStar Plus (Becton Dickinson, Inc.) to derive clonal isolates. The MCF7/vp5 [derived by adapting MMTV(RIII) on MCF-7 human breast cancer cells; A. Vaidya, personal communication] and MR/C1 [MMTV(RIII)-infected mink lung] cell lines were grown in DMEM containing 10% FBS, 10 g of insulin per ml, and 1 mM sodium pyruvate. Polyclonal goat anti-MMTV or SU antiserum was described previously (12) . Polyclonal rabbit anti-GST antibody was from Sigma, Inc. (St. Louis, Mo.). Mouse monoclonal anti-gp52 antibodies Black 6, Black 8-6, 2F10, and Black 6-5D were previously described (38) .
Cloning and sequencing RIII virus env genes. Genomic DNA from the MCF7/ vp5 and MR/C1 cell lines was amplified by PCR with primers specific for the su portion of the MMTV env (P1, 5Ј-CTTGTGTTTTTCCACAGGATG-3Ј; P2, 5Ј-TGCGAATTCCTATCGCTTGGCTCGAATTAAATC) and sequenced directly. To clone the env genes, PCR primers were designed that included the same fragment of MMTV genomic proviral DNA present in pENV C3H [containing the full-length MMTV(C3H) env from the central HindIII site to the end of the 3Ј long terminal repeat in mammalian expression vector pcDNA3.1] (12). The amplified fragments were cloned into pcDNA3.1 (Invitrogen, Inc.) to generate pENV RIII (from MR/C1 cells) and pENV RIIIM (from MCF7/vp5 cells).
Site-directed mutagenesis. Plasmid pENV C3H was the template for mutagenesis with the QuikChange XL site-directed mutagenesis kit (Stratagene, Inc. (44) , and the pENV-based plasmids as previously described (18) . For virus infection assays, 2 ϫ 10 5 cells were grown on six-well plates for 1 day, and diluted pseudovirus supernatants containing Polybrene (8 g/ml) were incubated with cells at 37°C for 2 h. For antibody blocking studies, pseudovirus was incubated for 10 min with polyclonal goat anti-MMTV antiserum (1:2,000) or cell supernatants from hybridoma cells (1:5) prior to addition to cells. For the heparan sulfate competition studies, medium containing viruses pseudotyped with either wild-type MMTV(C3H) envelope or the ⌬HBD mutant were incubated with the indicated amounts of heparan sulfate (ICN Biochemicals 97040) at 37°C for 1 h. Polybrene (8 g/ml) was added, and this mixture was then used to infect NMuMG cells. After incubation for 1 h, the cells were washed and refed with fresh medium. For all pseudovirus infections, the cells were stained for ␤-galactosidase activity 48 h after infection, and blue colonies were counted. Data are presented as LacZ-forming units (LFU) per milliliter of supernatant.
Virus binding assay. Pseudoviruses were made as described above. The transfected cell supernatants (100 ml) were ultracentrifuged at 25,000 rpm for 2 h in an SW28 rotor, and virus pellets were resuspended in 1.5 ml of phosphatebuffered saline (PBS, pH 7.4) containing 2% FBS and 1 mM EDTA (PBS-FE), resulting in 67-fold concentration. Single-cell suspensions of NMuMG cells were prepared by incubation with PBS-FE for 15 min, followed by vigorous pipetting. Then 0.5 ml of concentrated virus stock containing equal amounts of virus particles, as determined by Western blotting analysis, was incubated with 2.5 ϫ 10 5 NMuMG cells in the presence of 8 g of Polybrene per ml at 4°C for 1 h. For the heparan sulfate binding inhibition, the virus preparations were incubated for 30 min at 37°C with 100 g of heparan sulfate per ml. The cells were washed three times and resuspended in 100 l of ice-cold PBS containing 1% FBS and 0.2% sodium azide. Then 100 l of a 1:100 dilution of goat anti-MMTV polyclonal antiserum was added and incubated at 4°C for 30 min. The cells were washed three times and incubated with 100 l of fluorescein isothiocyanate (FITC)-conjugated rabbit anti-goat immunoglobulin antibody. The cells were washed three times, resuspended in 2% paraformaldehyde, and subjected to FACS analysis. Data were acquired on a FACScan cytometer (Becton Dickinson, Mountain View, Calif.) and analyzed with CellQuest software (Becton Dickinson Immunocytometry Systems).
TfR1 downregulation assays. For TfR1 downregulation, TRH3 cells were incubated with MMTV(C3H) pseudovirus, MMTV(C3H) pseudovirus pretreated with goat anti-MMTV antiserum, Ser 40 pseudovirus, or rat anti-mTfrF1 antibody (1 g of MOPC-315; RDI, Flanders, N.J.) per ml by spinoculation (2-h centrifugation at 1,200 ϫ g at room temperature) as previously described (40) . The cells were washed extensively with cold PBS-1% fetal calf serum-0.2% sodium azide and then stained with rat anti-mouse CD71 (TfR1) conjugated with phycoerythrin (PharMingen). 293 cells were also incubated with pENV C3H -bearing pseudovirus, and the mTfR1-transfected cell line TRH3 was also directly stained with the phycoerythrin-conjugated anti-CD71 antibodies. Data were acquired on a FACScan cytometer (Becton Dickinson) and analyzed with CellQuest software (Becton Dickinson Immunocytometry). Dead cells were excluded by their forward scatter/side scatter properties.
Expression and purification of RBS-GST fusion protein.
A fragment encoding the RBS of the MMTV(C3H) Env (amino acids 35 to 48; boxed sequence in Fig. 3) was cloned into the BamHI site of the prokaryotic expression vector pGEX-2T (Pharmacia, Inc.). Protein was isolated from Escherichia coli JM109 transformed with the recombinant pGEX-2T or parental pGEX-2T plasmid by affinity purification with glutathione-agarose beads (Pharmacia, Inc.) according to the manufacturer's instructions.
Western blotting. Equal volumes of pseudovirus supernatants were resolved on denaturing 10% polyacrylamide gels. The proteins were transferred to a nitrocellulose membrane and probed with polyclonal goat anti-MMTV or anti-SU (1:3,000 dilution), mouse anti-gp52 hybridoma supernatants (1:5 dilution), or rabbit anti-GST (1:3,000 dilution) and the appropriate secondary antibodies, followed by detection with an ECL kit (Amersham Biosciences, Inc.).
RESULTS

Alignment of MMTV and F-MLV SUs.
There is growing consensus that the basic mechanisms of retroviral membrane fusion are similar, primarily based on structural considerations of the transmembrane (TM) domain (13) . Since TM and SU function as a heterodimer and this interaction modulates TM's fusogenic activity, it is likely that the SU structures of different retroviruses are fundamentally similar as well. Based on this concept, we hypothesized that the MMTV SU and RBD would be similar to those of other retroviruses, including the gammaretroviruses. We therefore aligned the protein sequence of MMTV Env with that of the gammaretrovirus ecotropic F-MLV 57, for which the RBD crystal structure has been solved (15) .
To create this alignment, a putative proline-rich region was identified at residues 230 to 245 of the MMTV SU (Fig. 1 ). This identification was facilitated by the location of the positively charged residue in position 246 (Arg), followed by hydrophobic amino acids (Leu 247 -Val 248 -Ala 249 -Ala 250 ), a feature conserved in the beginning of the C-terminal domain of the murine gammaretroviruses and bovine leukemia virus SU (16, 24, 25) . The sequence amino-terminal to the proline-rich region was designated the putative RBD of MMTV Env by analogy to the known RBD of F-MLV. The final alignment shown in Fig. 1 was used to generate the model shown in Fig.  2B .
The alignment shows the ␣-helices and ␤-strand regions of F-MLV, with the corresponding regions of MMTV that fold into similar structures, according to the SwissModel algorithms. Also shown are the positions of the variable regions of F-MLV ( Fig. 1 ; VRA, VRB, and VRC). In the three-dimensional model, MMTV contains similar regions (compare Fig.  2A to 2B). The VRA, VRB, and VRC regions of the F-MLV RBD are thought to be stabilized by thiol bonds. Although corresponding cysteine residues are not apparent in the linear alignment shown in Fig. 1 , two paired cysteine residues with the potential for disulfide bonding lie at the base of VRA and VRC in the three-dimensional model of MMTV (red and white arrows in Fig. 2B and 2C) . Similarly, although the putative N-linked glycosylation sites in MMTV do not align with those of F-MLV in the linear alignment, they are found in regions similar to those in F-MLV in the model (black arrows in Fig. 2B ).
An HBD has previously been found in both F-MLV (boxed sequence in Fig. 1 ) and the F-MLV 29 derivative PVC-211 (23) . Analysis of the alignment revealed a putative HBD between residues 122 and 130 in MMTV SU (I 122 KKKLPPKY 130 ) (Fig. 1 ). The MMTV sequences were similar to previously defined mammalian consensus sequences (XBBXBX and XBBBXXBX, where X is any amino acid and B is a basic amino acid) (21) (Fig. 1 and 3 ). On both the linear alignment ( Fig. 1 ) and the three-dimensional model, the MMTV HBD mapped to a region corresponding to that of the PVC-211 HBD (compare the regions labeled HBD in Fig. 2A and 2B) . The ability to align a putative structure of MMTV SU with that of F-MLV SU and the conservation of elements such as the putative HBD provided us with a model to test for virus-cell and virus-receptor interacting domains.
Heparin binding is important for virus infection. The nearly canonical HBD in the MMTV envelope (I 122 KKKLPPKY 130 ) was conserved among the different exogenous and endogenous MMTVs (Fig. 3) . To determine whether mutations in this putative HBD had an effect on the efficiency of infection, pseudotyped viruses that contained either the wild-type Env (pENV C3H ), a mutant envelope containing lysine-to-alanine changes in the HBD (I 122 AAALPPKY 130 ; ⌬HBD), or no envelope (ϪEnv) were prepared and used to infect NMuMG cells. Figure 4A shows that the relative infectivity of the ⌬HBD pseudotyped virus was decreased to about 20% of that of the wild-type virus. This result indicated that mutation of these three lysine residues in the HBD resulted in a significant reduction in infectious titer. This loss of infection was not due to a reduction in the level of protein expression or incorporation of Env into particles, since Western blotting of transfected cell lysates and purified pseudovirus gave similar results for the wild-type and ⌬HBD pseudoviruses (Fig. 4B) .
To confirm that ⌬HBD mutation reduced MMTV infectivity through the loss of interaction with this proteoglycan, we tested whether pseudovirus infection was affected by soluble heparan sulfate. Wild-type and ⌬HBD pseudovirus-containing 40 to 44) and the amino acid residues identified by mutation analysis to be involved in the F-MLV SU-receptor interaction (see Fig. 1 ) are shown as space-filled red atoms. The black arrows indicate the N-linked glycosylation sites in F-MLV and putative sites in MMTV, which are depicted as space-filled green atoms. The cysteine residues with the potential for disulfide bonding are shown as space-filled yellow atoms; the red and white arrows point to cysteine residues with the potential for stabilizing the putative VRA loop and VRC loops with disulfide bonds, respectively. Abbreviations: N, amino terminus; C, carboxyl terminus; HBD, heparin-binding domain. The structures in panels A and B were depicted with RasMol 2.7. (Fig. 4C) . Additionally, the titer of the wild-type virus at saturating levels of heparan sulfate was strikingly similar to the titer of the untreated ⌬HBD pseudovirus (Fig. 4C) . In contrast, treatment of the ⌬HBD pseudovirus with soluble heparan sulfate caused a minor decrease in the infectious titer, but the titer was not decreased further with increasing amounts of heparan sulfate (Fig. 4C ). Taken together, these data indicate that binding to heparan sulfate on the cell surface plays a role in MMTV infection. Identification of altered RBS sequences in MMTVs found in human cells and breast cancer samples. In addition to aligning the MMTV SU with that of F-MLV, we undertook a second approach to identifying SU sequences important for receptor interaction, based on our previous observation that MLV pseudotypes prepared with the MMTV(C3H) Env did not infect human tissue culture cells, including those engineered to overexpress the human transferrin receptor (12, 40) . This observation indicated to us that virus-receptor interaction determined at least one level of species-specific tropism. However, several groups recently reported finding MMTV Env-like sequences in primary human breast cancer tissue samples and cell lines but not normal tissue (14, 29) . Moreover, it was previously shown that MMTV could be adapted to replicate in the human BT474 and MCF-7 mammary carcinoma cell lines (22, 26) , indicating that there was the potential for zoonotic transmission of MMTV.
If MMTV were able to adapt to using the human TfR1 molecule for entry, this would most likely occur as the result of sequence alterations in the receptor-binding domain of SU.
Identification of such altered residues should provide candidate residues constituting the RBS. We therefore compared the SU sequences from several MMTV-like elements (hMTVs) isolated from primary human breast cancer samples. We also analyzed the SU sequences from MMTV(RIII) virus that was adapted to the human breast cancer cell line-MCF-7 (RIIIM) and compared it to the wild-type MMTV(RIII) and MMTV(C3H) genes. Because the MMTV(RIII) used to infect the MCF-7 cells came from an infected mink lung cell line, we sequenced the su gene of the virus present in the MR/C1 cell line and found that it was identical to the published sequence for this strain (37) .
Most of the polymorphisms in the h-MTV and RIIIM sequences were not unique to these viruses but were also found in other strains of MMTV (Fig. 3 and not shown) . Moreover, none of the polymorphisms were found in all the human cellassociated viruses. However, two single-nucleotide alterations that resulted in nonconservative amino acid changes were found in a region that could constitute an RBS (Fig. 3 ) (see next paragraph). One alteration (Phe 40 to Ser 40 ) was identified in the su sequence from one human breast cancer sample (h-MTV1) but not the other (h-MTV2). The second polymorphism (Gly 42 to Glu 42 ) was found in the su sequence from the MMTV(RIII)/MCF7-adapted virus (RIIIM) but not the parental virus. Only one other polymorphism was found in the RIIIM virus, close to the C terminus of SU (a semiconservative Asp-to-Asn change).
Phe 40 and Gly 42 are in a five-amino-acid stretch of polar and hydrophobic residues directly adjacent to a glycosylation site, features often found at sites of protein-protein interaction in soluble proteins. When the Ser 40 and Glu 42 polymorphisms were placed on the three-dimensional model, they mapped to the outer surface of the molecule and formed a concave surface, consistent with their proposed role in receptor interaction (space-filled red atoms in Fig. 2B ). Thus, it was possible that these represented alterations in a putative RBS that extended SU tropism for the human TfR1.
Amino acid residue 40 is critical for virus infectivity on mouse cells. Because both the Ser 40 and Glu 42 polymorphisms mapped to the putative RBS region, we introduced them into the wild-type MMTV(C3H) Env construct used for producing pseudoviruses, pENV C3H . We also changed Phe 40 to Ala 40 (nonconservative) and Tyr 40 (conservative) in pENV C3H to determine whether this residue functioned in receptor interaction. The wild-type and variant Envs were used to make pseudoviruses, and the viruses were tested for the ability to infect mouse NMuMG cells.
We first demonstrated that the mutant Envs were efficiently processed and incorporated into virions. Total cell extracts from wild-type-and mutant pENV C3H -transfected 293T cells (not shown) and pseudoviruses pelleted by ultracentrifugation (Fig. 5, top panel) were subjected to Western blot analysis with anti-MMTV antiserum to determine the level of viral proteins and their stable association in virions. The mutant envelopes were processed into mature SU and TM and stably integrated into virions to the same extent as wild-type Env, indicating that no gross changes in these processes had occurred as a result of the sequence alterations.
The pseudoviruses were next tested for their ability to infect NMuMG cells. The Ser 40 and Ala 40 mutations completely abolished infectivity, whereas the Glu 42 mutation did not have a significant effect on infection; the Tyr 40 mutation caused a modest decrease in infection levels, consistent with the conservative nature of this change (Fig. 5, bottom panel) . These data indicated that amino acid Phe 40 was critical for virus infectivity in mouse cells and indicated that this region might indeed constitute part of the RBS.
Virus binding to mouse cells is dependent on amino acid Phe 40 . The loss of infectivity that accompanied the nonconservative Ser 40 and Ala 40 mutations could be due to abolition of Env binding to its receptor or to alterations that affected subsequent steps in the infection pathway, such as membrane fusion. To differentiate between these two possibilities, we performed virus-binding assays. NMuMG cells were incubated with equal amounts of wild-type or Ser 40 pseudovirions, stained with anti-MMTV antibodies, and then analyzed by FACS to detect bound virus. There was a population of cells that bound high levels of wild-type pseudovirions (mean channel fluorescence [MCF] ϭ 66.1; thick line, arrow 3 in Fig. 6A) , as well as a population that bound fewer virions (MCF ϭ 9.8; arrow 1). In contrast, although there was a low virus-binding population of cells with the Ser 40 mutant pseudovirus (MCF ϭ 18.7; thin line, arrow 2), there were no cells that bound the larger amounts of virus. Cells stained with anti-MMTV antibodies in the absence of virus had an MCF of 6.2 (dotted line, arrow NV).
We next tested whether either of the peaks (low and high virus binding) was the result of proteoglycan interactions with the HBD in the MMTV Env. The same virus-binding assays were performed in the presence of 100 g of heparan sulfate per ml. In the presence of heparan, the high-level virus-binding peak was still seen with the wild-type pseudovirus (MCF ϭ 78.9), although the number of cells in this population was diminished by about 2.5-fold (Fig. 6B) . However, heparan sulfate reduced the fluorescence intensity of the low-virus-binding peaks to an intensity similar to that seen with cells that were not incubated with virus for both the wild-type (MCF ϭ 7.6) and Ser 40 Virus downregulation of surface TfR1. To determine whether the wild-type or Ser 40 mutant virus interacted with receptors on cells, we tested whether they blocked surface expression of TfR1. We showed previously that binding of wild-type pseudovirus to cells partially blocked binding of an anti-TfR1 monoclonal antibody (40) . TRH3 cells (a clonal isolate of 293T cells stably expressing mouse TfR1) were incubated with wild-type or Ser 40 pseudovirions for 2 h at room temperature, shifted to 4°C, and washed with buffer containing sodium azide to prevent further internalization. The cells were then examined by FACS analysis for surface mTfR1. As controls, wild-type virus was treated with goat anti-MMTV antiserum and TRH3 cells were incubated with the rat C2 monoclonal antibody, known to downregulate surface expression of the receptor.
There was a significant decrease in TfR1 expression on TRH3 cells incubated with wild-type virus compared with cells incubated with the Ser 40 mutant (compare the MCF of TRH3 cells with those for no virus, labeled TRH3 versus TRH3 cells incubated with virus, labeled wt in Fig. 7) . Incubation of the wild-type virus with anti-MMTV antiserum blocked this effect, whereas the C2 antibody caused greater downregulation of the receptor on the surface than did virus, as we showed previously (40) . These data indicate that the Ser 40 mutant was unable to bind to the MMTV entry receptor TfR1, consistent with its constituting part of the RBS. Monoclonal antibodies that block infection recognize the RBS. These data suggested that residue Phe 40 was indispensable for receptor binding. We tested a recently developed panel of anti-Env monoclonal antibodies for their ability to block pseudovirus infection and found two, Black 6-5D and Black , that efficiently blocked infection (Table 1 ). In contrast, two other monoclonal antibodies, Black 6 and 2F10, were unable to block infection, although they both recognized the MMTV Env by enzyme immunoassay and Western blot analysis (38) (Fig. 8) .
The monoclonal antibodies could block infection by direct interaction with the RBS, by steric hindrance, or by changing the conformation of SU so that it was unable to contact the receptor. To determine if the blocking monoclonal antibodies were interacting with the RBS, a GST-RBS fusion protein was made (residues 35 to 48; Fig. 3) , and the monoclonal antibodies were used in Western blot analysis. Both the Black 6-5D (Fig. 8) and Black 8-6 (not shown) neutralizing monoclonal antibodies specifically recognized the RBS-GST fusion protein but not GST alone; the nonneutralizing Black 6 (Fig. 8) and 2F10 (not shown) monoclonal antibodies did not bind the fusion protein. Taken together with the finding that residue Phe 40 is indispensable for both infectivity and receptor binding, these data suggest that this region of the MMTV SU contains the RBS.
MMTV pseudotypes do not infect human tissue culture cells. We next tested whether changing Phe 40 to Ser 40 or Gly 42 to Glu 42 in the MMTV(C3H) Env protein changed the tropism of pseudoviruses from mouse to human cells. Either there was no infection of human cells by MMTV(C3H) pseudovirus (MCF-7), or the level of infection was two to three logs lower than it was on mouse cells (293T and T47D), and none of the genetically modified variants showed titers on any human cell ( Table 2) . We also tested whether the MCF7/vp5 cell line that was infected with the RIIIM virus had undergone genetic changes that rendered it susceptible to infection with MMTV pseudotypes. MMTV-infected cells are not subject to superinfection interference and thus can be infected with MMTV pseudotypes (12) . Again, none of the viruses were able to efficiently infect this cell line ( Table 2) .
The MMTV(C3H) and MMTV(RIII) Env sequences showed additional polymorphic differences, although all are found in other strains of exogenous or endogenous MMTVs (Fig. 3 and not shown) . To determine whether these other differences contributed to Env function or tropism, the MMTV(RIII) and MMTV(RIIIM) env genes were cloned into the same mammalian expression vector as pENV C3H and used to infect NMuMG, 293T, MCF-7, MCF-7/vp5, and T47D cells. Pseudoviruses bearing either Env RIII or Env RIIIM efficiently infected NMuMG and TRH3 cells but not the other cell lines (Table 2 ). There was low-level infection of both 293T and T47D human cells (around two orders of magnitude less than was seen with cells expressing the mouse TfR1) with both Env RIII -and Env RIIIM -as well as ENV C3H -bearing viruses, but this infection occurred in the presence of blocking monoclonal antibody Black 6-5D (Table 2 ) or polyclonal anti-MMTV antibodies (not shown). Additionally, infection of human but not mouse cells was independent of specific attachment to the receptor, since it occurred with virions lacking Env ( Table 2) . In contrast, Env-negative virus showed no infection, and the anti-MMTV blocking antibody caused an 80 to 90% reduction in infection of mouse cells with all the Env-bearing pseudoviruses.
DISCUSSION
Retroviruses exhibit a high degree of host range and cell type specificity. This specificity is partly determined by the presence of cell surface entry receptors on target cells. A number of retroviral receptors have now been cloned, and from the a Data are presented as the averages for supernatant from four to fifteen experiments Ϯ standard deviation with the exception of the RIIIM infection of MCF-7 and MCF-7/vp5 cells, which was performed twice. All pseudoviruses were checked by Western blot analysis (i.e., see Fig. 3 ) to ensure that equal amounts of viral proteins were produced. ND, not determined.
molecules that have been identified as receptors, it is clear that retroviruses take advantage of host-encoded cell surface proteins that play important roles in cellular function and metabolism (33) . MMTV's use of TrfR1 for cell entry suggests that it interacts with its receptor differently than do other retroviruses with their receptors. TfR1 is a type II transmembrane protein with a single membrane-spanning domain and a very short cytoplasmic tail (36) and thus is structurally very different from the ecotropic, xenotropic, and amphotropic MLV receptors, which have multiple (10 to 14) membrane-spanning domains (33) . Unlike most other retroviral receptors, TfR1 requires endocytosis and trafficking to the acidic endosome to fulfill its metabolic function, that is, delivery of iron to the cell.
Although MMTV uses a different type of entry receptor, our model predicts that many of the structural elements found in F-MLV are likely to occur in MMTV. We found a similar arrangement of ␤-sheets and ␣-helices in MMTV as well as segments corresponding to the regions of F-MLV that are referred to as VRA, VRB, and VRC. Additionally, while the putative N-linked glycosylation sites in MMTV do not appear to correspond in the linear alignment ( Fig. 1 ), they are found in similar physical locations on the model (Fig. 2) . Finally, there are six thiol pairs essential to folding of VRA (C46 to C98, C72 to C83, and C73 to C87), VRB (C178 to C184), and VRC (C121 to C141 and C133 to C146) in the F-MLV RBD. In contrast, there are only two potential thiol pairs in MMTV. Again, although the two potential thiol pairs (C62 to C73 [white arrows in Fig. 2B and 2C] and C133 to C156 [red arrows]) do not directly align with those in F-MLV, the model predicts that they occur in positions that have the potential to stabilize the putative VRA and VRC regions of the MMTV RBD (Fig. 2C) . Interestingly, only one of the VRA disulfide bonds (C46 to C98) is found in all gammaretroviruses (the other two are found only in ecotropic MLVs), and only ecotropic MLV, amphotropic MLV, gibbon-ape leukemia virus, and feline leukemia virus but not xenotropic MLV have the VRB-stabilizing pair.
A number of approaches have shown that VRA contains amino acids critical for interaction of different MLV Envs with their cognate entry receptors. These include site-directed mutagenesis and comparison of the primary Env sequences of highly related members of the MLV family that use different entry receptors (1-3, 10, 30, 34) . We used similar approaches to identify critical amino acids in the MMTV Env protein.
Although the alignment predicts that there is a segment in the MMTV RBD corresponding to the VRA loop in F-MLV, our functional analysis showed that the site involved in receptor interaction maps not to VRA but to a different part of the SU protein, predicted to be on the face of the molecule (Fig. 2) . This five-amino-acid stretch consisting of polar and hydrophobic residues and flanked by an N-linked glycosylation site appears to form a concave structure on the surface of Env that could serve as a binding site for the receptor.
MMTV may use a different region of its RBD for receptor interaction because it utilizes TfR1 for cell entry. Binding of the MLV RBD to the receptor is thought to trigger the conformational change that results in exposure of the fusion peptide and initiation of virus-cell membrane fusion at the cell surface. In contrast, because MMTV uses a receptor that traffics to the acidic endosome and is dependent on acid pH for infection, virus-cell membrane fusion may occur in this compartment. Thus, by using a different region of the RBD for receptor contact than is used for MLV, binding of MMTV to TfR1 may not induce the conformational changes in Env that are required for membrane fusion events, thereby allowing trafficking to the compartment and infection to proceed there. In support of this concept, the sequences in the MMTV RBS correspond to a strand of the ␤-barrel in F-MLV that is thought to be the rigid core structure of RBD.
The data presented here support the notion that the Phe 40 TfR1 is known to be expressed at a low level or not at all on nondividing cells and at a high level on activity dividing cells (36) . Moreover, unlike wild-type pseudovirions, Ser 40 mutant virions did not cause loss of antibody-recognizable TfR1 on the cell surface. Finally, we identified two blocking monoclonal antibodies that recognized a peptide containing the RBS. Although there are alternative explanations for all of these findings, including second-site conformational changes by the introduction of nonconservative mutations, the data presented here are consistent with the hypothesis that amino acids 40 to 44 are part of the RBS.
The results presented here also indicate that heparan binding plays a role in the interaction of MMTV with cells. Heparan sulfate is a proteoglycan found on the cell surface and is involved in cell-cell and cell-protein interactions (21) . These proteoglycans are typically highly negatively charged and hence have a propensity to interact with sequences rich in positively charged residues. Many viruses, including human respiratory syncytial virus (19) , human parainfluenza virus type 3 (8), herpes simplex virus (42) , human papillomavirus (17), human herpesvirus 8 (6), and adenovirus (11) , have been shown to bind cells via proteoglycans. In the case of human immunodeficiency virus (HIV), heparan sulfate on cell surface syndecan has been shown to be important for Env-mediated binding to cells (7) .
Our data demonstrate that the MMTV HBD is also necessary for efficient infection, and because infection by wild-type virus was inhibited by soluble heparan sulfate, this suggests that proteoglycans play a role in the MMTV-cell interaction. Since low-level infection did occur with both the ⌬HBD pseudovirus and wild-type virus in the presence of soluble heparan, cell surface heparan sulfate is not absolutely required but may enhance infection, perhaps by attracting or concentrating virus particles to the cell surface to increase the chance of receptor attachment. Indeed, our data show that the Ser 40 mutant virus, which does not infect cells, still shows low-level binding that could be blocked by heparan sulfate. In contrast, the high-level binding seen with wild-type virus was still detectable in the presence of this proteoglycan. Heparan sulfate at 100 g/ml did reduce the number of cells that showed high-level binding, albeit not as efficiently as it inhibited infection. This is probably due to the different amounts of virus used in these experiments (approximately 335 times more virus was used in the binding experiment than in the infection assay). Interestingly, more heparan-blocked, low-level binding occurred with the Ser 40 mutant than with the wild-type virus. This could be due to conformational changes in the mutant SU that make the HBS more accessible.
Changes in the dependence of a virus on heparan sulfate can alter its pathogenesis. For example, Ruscetti and colleagues demonstrated that the increase in neuropathogenesis of PVC-211 is the result of increased heparin binding (23) . In contrast, mutations in the E protein of the flavivirus Murray Valley encephalitis virus that increase affinity for cell surface glycosamines result in the loss of neuroinvasiveness (27) . Similarly, mutations in the E2 glycoprotein of Venezuelan equine encephalitis virus that result in heparan sulfate-dependent virus entry in cultured cells lead to viral attenuation and rapid clearance in vivo (4) . Finally, HIV binding to heparan sulfate on syndecan has been proposed to play a role in vivo in the stability of virus bound to endothelia and in the transfer of virus from nonpermissive to permissive cells (7) . Whether proteoglycan interaction plays a role in in vivo infection awaits the introduction of the ⌬HBD mutation into infectious MMTV.
The mouse and human TfR1 amino acid sequences show 76% identity and 86% homology. Using our MMTV Envpseudotyped MLV, we were unable to demonstrate efficient infection of human cells (12, 18) even when cells overexpressed the human TfR1 (40) , indicating that the human version of this molecule does not function as a receptor. Although pseudoviruses prepared in 293T cells showed low-level infection of some human cells, this infection was not inhibited by blocking anti-SU antibodies, nor was it dependent on Env on virions.
Although it was reported that continuous passage of MMTV on human breast cancer cell lines resulted in adapted viruses that could infect human cells (22, 26, 45) and that MMTV-like sequences are found in human breast cancer but not normal tissue (14, 29, 35, 46) , we show here that sporadic changes found in the RBS of some "human-adapted" MMTVs did not after the species tropism. Although we found low levels of MMTV in the MCF-7/vp5 cell line by PCR, this virus does not seem to have spread in the population because viral sequences were not detected by Southern blot analysis of DNA isolated from these cells (P. Popken-Harris, personal communication). Thus, it does not appear that MMTV can adapt to using the human TfR1 for entry, and if it does infect human cells, it probably does so through a non-receptor-mediated pathway.
